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The DISC1 protein is implicated in major mental illnesses
including schizophrenia, depression, bipolar disorder, and
autism. Aberrant mitochondrial dynamics are also associated
with major mental illness. DISC1 plays a role in mitochondrial
transport in neuronal axons, but its effects in dendrites have yet
to be studied. Further, themechanisms of this regulation and its
role in neuronal development and brain function are poorly
understood. Here we have demonstrated that DISC1 couples to
the mitochondrial transport and fusion machinery via interac-
tion with the outer mitochondrial membrane GTPase proteins
Miro1 and Miro2, the TRAK1 and TRAK2 mitochondrial traf-
ficking adaptors, and the mitochondrial fusion proteins (mito-
fusins). Using live cell imaging, we show that disruption of the
DISC1-Miro-TRAK complex inhibits mitochondrial transport
in neurons.Wealso show that the fusionprotein generated from
the originally described DISC1 translocation (DISC1-Boymaw)
localizes to the mitochondria, where it similarly disrupts mito-
chondrial dynamics. We also show by super resolution micros-
copy that DISC1 is localized to endoplasmic reticulum contact
sites and that the DISC1-Boymaw fusion protein decreases the
endoplasmic reticulum-mitochondria contact area. Moreover,
disruption of mitochondrial dynamics by targeting the DISC1-
Miro-TRAKcomplex or upon expression of theDISC1-Boymaw
fusion protein impairs the correct development of neuronal
dendrites. Thus, DISC1 acts as an important regulator of mito-
chondrial dynamics in both axons and dendrites to mediate the
transport, fusion, and cross-talk of these organelles, and patho-
logical DISC1 isoforms disrupt this critical function leading to
abnormal neuronal development.
The disrupted in schizophrenia 1 (DISC1) protein is a prom-
ising candidate susceptibility factor formajormental illness (1).
Multiple genetic studies have shown an association between
DISC1 and schizophrenia, bipolar disorder, major depression,
and autism (2, 3). DISC1 was first discovered due to a balanced
chromosomal translocation in a family with a high incidence of
schizophrenia and other major mental illness (4). This translo-
cation results in the truncation of DISC1 after exon 8 and the
fusion to another gene, Boymaw (also known as DISC1FP1 for
DISC1 fusion partner 1), leading to the expression of a DISC1-
Boymaw fusion protein (5, 6). DISC1 affects multiple cellular
functions including neuronal proliferation, migration, and
integration via its roles at the centrosome in the anchoring of
key proteins such as Bardet-Biedl syndrome (BBS) proteins
BBS1 and BBS4 (7). DISC1 also regulates intracellular signaling
pathways such as theWnt/-catenin and PDE4 signaling path-
ways (8, 9) and regulates neurite outgrowth. Pointmutations or
truncation of DISC1 leads to decreased dendritic complexity,
both in vivo and in dissociated culture (10–12), highlighting the
necessity for normal DISC1 function in neuronal development.
However, the mechanisms by which DISC1 contributes to
altered neuronal development, function, and pathology remain
poorly understood.Moreover, the cellular impact of expression
of the Boymaw fusion protein also remains unclear.
Mitochondria are highly dynamic organelles that undergo
constant trafficking, fission, fusion, and turnover. In neurons,
the tight regulation of mitochondrial transport is critical to
allow controlled delivery of these organelles to sites where they
are required for energy provision and calcium buffering (13).
Disruption of mitochondrial localization can lead to defects in
synaptic function and plasticity in addition to affecting neuro-
nal morphology (13, 14). Detailed studies have revealed mito-
chondrial distribution and bidirectional trafficking to be regu-
lated in a calcium-dependent manner via the mitochondrial
Rho GTPases Miro1 andMiro2 (15–19, 78). These outer mito-
chondrial membrane proteins possess two calcium-sensing EF-
hand domains flanked by two GTPase domains on their cyto-
plasmic face (20, 21). Miro1 interacts with kinesin and dynein
motors and their TRAK adaptor proteins (22–24). TRAK1 has
been recently demonstrated to be axonally targeted, whereas
TRAK2 favors a dendritic localization (25, 26). Knockdown of
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either the TRAK1 or TRAK2 adaptor significantly reduces the
numbers of moving mitochondria in cultured hippocampal
axons and dendrites, respectively (17, 26). Currently, however,
the molecular nature of other components of the Miro-TRAK
machinery remain poorly understood.
Mitochondrial trafficking and morphology are tightly linked
(27).Mitochondrialmorphology is dependent on the balance of
fission and fusion. Fission is regulated by Drp1 (dynamin-re-
lated protein 1), which is recruited to the mitochondria by
anchors such as Fis1 (mitochondrial fission protein 1). Fusion is
coordinated by the GTPases Mitofusin1 and 2 at the outer
mitochondrial membrane, which tether two mitochondria
together, and OPA1 at the inner membrane (28). These fusion
events are necessary for the exchange of mitochondrial con-
tents, e.g. mitochondrial DNA and metabolites, maintaining
mitochondrial function, and mitochondrial biogenesis (29).
Mitofusin2 also plays an important role in bridging mitochon-
dria to the endoplasmic reticulum (ER)9 (30).Mitochondria-ER
contacts facilitate communication between these two organ-
elles, including the transfer of calcium and lipids (31), and are
known sites of autophagosome biogenesis (32). Additionally,
contacts between the ER and mitochondria are proposed to be
involved in both fission-fusion and the trafficking of mitochon-
dria (33); interestingly, the yeast homologue ofMiro1, Gem1, is
also known to be localized to these sites (34). However the role
of Miro in pathology at Mito-ER contacts is unclear.
DISC1 can be found localized to mitochondria (35, 36) and
has been demonstrated previously to modulate the function
and transport of mitochondria and other key cargo in neuronal
axons (35, 37–39), whereas disease-associated DISC1 point
mutations lead to disrupted mitochondrial trafficking (39, 40).
Although DISC1 appears to be important for mitochondrial
trafficking in neuronal axons, whether DISC1 also impacts
mitochondrial trafficking in dendrites, a key locus for altered
neuronal function in schizophrenia and other major mental
illness, is unknown. Moreover, the mechanisms by which
DISC1 regulates mitochondrial trafficking and the impact of
this regulation onneuronal development remain unclear. Addi-
tionally, the effects of the schizophrenia-associated DISC1-
Boymaw fusion protein onmitochondrial dynamics and neuro-
nal development are also poorly understood.
Here we explored further the role that DISC1 plays in mito-
chondrial dynamics, addressing the interactions of DISC1 with
mitochondrial trafficking complexes and fusionmachinery.We
investigated effects of DISC1 on mitochondrial trafficking in
dendrites and subsequent actions on dendritic development.
Using biochemical assays together with live cell imaging exper-
iments, we have demonstrated that DISC1 forms protein com-
plexes with the dendritic TRAK2/Miro trafficking complex and
with the mitofusins. We biochemically mapped the interaction
among Miro, TRAK, and DISC1 to the DISC1 N terminus,
demonstrating that overexpression of the Miro N-terminal
binding domain of DISC1 disrupts both mitochondrial dynam-
ics and dendritic development in neurons. Furthermore, we
have shown that the DISC1-Boymaw fusion protein, resulting
from the chromosomal translocation described in a Scottish
pedigree (4), acts in a dominant negative fashion, significantly
impairing mitochondrial dynamics, the mitochondria-ER
interface, and dendritic morphogenesis.
Materials andMethods
Antibodies and Constructs—Antibody against neurofascin
(clone A12/18) was from NeuroMab (IC 1:100). Antibody
against GFP was from Santa Cruz Biotechnology (Western blot
1:500, sc-8334) or NeuroMab (clone N86/8). For Sholl analysis,
anti-GFP antibody was from Nacalai Tesque, Inc. (1:2000,
G090R). The monoclonal antibodies 9E10 (recognizing Myc)
and 12CA5 (recognizing HA) were obtained from respective
hybridomas (Western blot and immunofluorescence 1:100,
mouse). Anti-human DISC1 (14F2) was described previously
(WB and immunofluorescence 1:100 mouse) (41); anti-Rhot1
against Miro was fromAtlas Antibodies (HPA010687 for prox-
imity ligation assays and AMAb90854 for immunoprecipita-
tion), and anti-TRAK1 was also from Atlas Antibodies
(HPA005853). Mitofusin1 was from Abcam (Ab57602), and
TOM20was from Santa Cruz Biotechnology (FL-145). Second-
ary antibodies for immunofluorescence were from Invitrogen
and were used at 1:1000. Secondary horseradish peroxidase-
conjugated antibodies were from Rockland and used at
1:10,000. The cDNA construct encoding human mycDISC1-FL
was a kind gift from N. Brandon (Cambridge, MA). Untagged
humanDISC1was in a pRK5 expression vector (42).Mitochon-
drially targeted monomeric DsRed fluorescent protein (MtD-
sRed2), synaptophysinGFP, GFPMiro1, and GFPMiro2 were
described previously (17, 20, 21, 43). Endoplasmic reticulum-
targeted DsRed fluorescent protein (ERDsRed) was from Clon-
tech. GFPTRAK1 andGFPTRAK2were cloned by insertion of the
mouse TRAK sequences into the EGFP-C1 vector. HA-tagged
DISC1 deletion constructs were described previously (44). Myc-
TRAK constructs were a kind gift from F. A. Stephenson (Uni-
versity College London School of Pharmacy). TRAK Miro bind-
ing domain (MBD)was described previously (23). HABoymaw, a
kind gift from M. Geyer (University of California, San Diego),
was subcloned into the pRK5 expression vector (6). The follow-
ing constructs were from Addgene: mycMitofusin1 (plasmid
23212) and -2 (23213), Su9-EGFP-(23214) (45), and mito-
PAGFP-(23348) (46).
Cell Culture and Transfection—COS7 and SH-SY5Y cells
weremaintained in 10-cm dishes containing 10ml of enhanced
DMEM supplemented with penicillin-streptomycin and 10%
FBS at 37 °C and 5%CO2, transfected by nucleofection using an
Amaxa electroporator, and allowed 24–48 h for protein
expression. For preparation of the primary neuronal cultures,
embryonic day 18 (E18) pups were removed from the dam
under sterile conditions. Brains were removed from the skulls,
and hippocampal dissectionwas carried out inHanks’ balanced
salt solution at 4 °C prior to incubation in a 0.125% trypsin-
EDTA solution for 15 min at 37 °C. Hippocampi were washed
three times with 10 ml of Hanks’ balanced salt solution and
triturated 10 times using a fire-polished Pasteur pipette in pre-
warmed attachmentmedium. Cells were plated at 350,000 cells
in 5 ml of prewarmed attachment medium (minimum Eagle’s
9 The abbreviations used are: ER, endoplasmic reticulum; DIV, days in vitro; IP,
immunoprecipitation or immunoprecipitate; SIM, structured illumination
microscopy; ctrl, control.
DISC1, Mitochondrial Dynamics, and Dendrite Development
614 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291•NUMBER 2•JANUARY 8, 2016
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
medium plus 10% horse serum) in 6-cm dishes containing
washed glass coverslips precoated overnight in 500g/ml poly-
L-lysine. After 5 h the medium was removed and replaced with
prewarmed maintenance medium (Neurobasal medium sup-
plemented with 2% B-27 (Gibco), 6% glucose, GlutaMAX, and
penicillin-streptomycin). Calcium phosphate precipitation or
lipofectionmethods were used for transfection of hippocampal
cultures at 7 days in vitro (DIV) for Sholl analysis or 8 DIV for
live imaging. For calcium phosphate, 1–2 g of DNA was pre-
pared in 27 l of Tris-EDTA, 3 l of 2.5 M CaCl2, and 30 l of
2 HEPES-buffered saline. Coverslips were treated in 1 ml of
prewarmed unsupplementedNeurobasal mediumwith the cal-
cium phosphate preparation. The dishes were then returned to
the 37 °C, 5% CO2 incubator for 30 min or until a fine precipi-
tate was formed. Coverslips were washed twice, and samples
were maintained in the original conditioned medium for
24–48 h for live imaging or 72 h for Sholl analysis in the 37 °C,
5% CO2 incubator to allow expression of the transfected vec-
tors. Lipofection was carried out according to the manufactu-
rer’s instructions (Invitrogen) in unsupplemented Neurobasal
medium with 6% glucose.
Biochemical Assays—Co- immunoprecipitation experiments
were carried out in lysis buffer (50 mM HEPES, pH7.5, 0.5%
Triton X-100, 150 mM NaCl, 1 mM EDTA, 1 mM PMSF, and 1
g/ml antipain, pepstatin, and leupeptin) using GFP trap beads
(Chromotek) or rabbit anti-Myc beads (Sigma). For native co-
immunoprecipitation experiments, the brains of transgenic
rats expressing full-length, non-mutant, human DISC1 were
used (80). Co-immunoprecipitation (co-IP) was carried out in
lysis buffer with 1.5% Triton X-100. The homogenate was incu-
bated overnight with antibodies in the above described buffer
supplemented with 1% BSA. Protein A-beads (Sigma) were
used, and IPs were washed four times in incubation buffer and
once in lysis buffer.
Western Blotting—SDS-PAGE andWestern blotting samples
were denatured at 94 °C for 5min in 3 SDS sample buffer (150
mMTris, pH 8, 6% SDS, 0.3 M DTT, 0.3% bromphenol blue, and
30% glycerol). Polyacrylamide gels were prepared using 10%
running gels and 5% stacking gels in Novex 1.5-mm cassettes
and run using the Novex XCell SureLock Mini-Cell system.
Gels were transferred onto Hybond-C nitrocellulose mem-
brane (GE Healthcare). Membranes were blocked in 4% milk
for 1 h and incubated overnight at 4 °C with shaking in the
appropriate antibody. HRP-conjugated secondary antibodies
were from Rockland (1:10,000). Bands were visualized using
Crescendo chemiluminescent substrate (Millipore) together
with an ImageQuant LAS 4000 charge-coupled device camera
system (CCD, GE Healthcare).
Immunocytochemistry—As shown in Fig. 1, fluorescent label-
ing was used during live imaging to determine the axonal com-
partment prior to mitochondrial imaging (47). Thus, neurofas-
cin antibody (1 l) was incubated for 15 min on ice with the
secondary fluorescently conjugated antibody (0.3 l). 100 l of
live imaging block solution was added (10% horse serum and
90% extracellular solution), the solution was mixed, and a cov-
erslip containing the cells for imaging was incubated in this
mixture for 8 min at room temperature. Following one rinse in
1 PBS, the coverslip was used for imaging as described below.
Fixed cell imaging was carried out by fixation with 4% parafor-
maldehyde for 10 min at room temperature followed by block-
ing for 10 min in 10% horse serum, 0.5% BSA, and 0.2% Triton
X-100 in PBS. Coverslips were incubated in the relevant pri-
mary antibodies diluted in blocking solution for 1 h,washed five
times in PBS, and incubated in secondary antibodies diluted in
blocking solution. Coverslips were washed five times in PBS,
mounted onto slides using Prolong Gold antifade reagent
(Invitrogen), and later sealed with nail varnish. Proximity liga-
tion assays (Duolink) were carried out using anti-Rhot1
(HPA010687) and anti-DISC1 antibodies (14F2 both 1:200) or
anti-DISC1 alone for control proximity ligation assays. Samples
were fixed and blocked before primary antibodies against
Miro1 (Rhot1) andDISC1 raised in eithermouse or rabbit were
applied to the cells. Following primary antibody incubation,
cells were washed in PBS before incubation with secondary
antibodies conjugated with oligonucleotides. Ligation and
amplification reactions were conducted at 37 °C, as described
in the Duolink manual, before mounting and visualization
using confocal microscopy (48). Cell fusion assays were carried
out as described previously (45). Briefly, cells were nucleofected
with MtDsRed2 or Su9-EGFP and plated together. 24 h later,
the mediumwas replaced with 50% polyethylene glycol 1500 in
unsupplemented DMEM for 45 s and washed three times every
10 min. Normal medium was replaced and supplemented with
30 g/ml cycloheximide. Cells were fixed and imaged 3 h later.
Imagingwas carried out using aZeiss LSM700upright confocal
microscope using an Apochromat 63 oil immersion lens with
a 1.4 numerical aperture. Images were captured digitally using
Zen 2010 software. For ER-mitochondria contact analysis,
post-acquisition processing on stacks was carried out in ImageJ
using denoise and deconvolution plugins (49, 50) followed by a
three-dimensional rendering with VolumeJ. Images of ER-mi-
tochondria contacts were generated using the “image calcula-
tor” function of ImageJ to generate images specifically of colo-
calized regions. Structured illumination microscopy (SIM) was
performed using a Zeiss Elyra PS.1 equipped with 405-, 488-,
555-, and 642-nm lasers. Images were acquired with a 63 1.4
numerical aperture oil immersion objective using a pco.edge
sCMOS camera and Zen 2012 image analysis software. Typi-
cally, images were acquired with 34-mgrating and three rota-
tions by exciting fluorophores with 1–3% laser intensity and
120–150-ms exposure time. Post-acquisition, imageswere pro-
cessed with Zen 2012 using the SIM reconstruction module
with default settings; drift corrections between the channels
were performed with respect to 100-nm Tetraspec fluorescent
microspheres (Molecular Probes). For Sholl analysis an apo-
chromat 40 oil immersion lens with a 1.3 numerical aperture
was used. Neurites were traced in NeuronStudio. The number
of intersections was calculated using the neurite tracer plugin
on ImageJ (51).
Live Cell Imaging—For neuronal imaging of the mitochon-
dria, E18 primary hippocampal neurons were transfected at
7–8 DIV, imaged at 9–10 DIV under perfusion with imaging
medium (125 mM NaCl, 10 mM HEPES, 10 mM glucose, 5 mM
KCl, 2 mM CaCl2, and 1 mM MgCl2, pH 7.4) warmed to 37 °C,
and flowed at a rate of 1–2 ml/min throughout the duration of
each experiment (52). For acquisition, fluorescence was cap-
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tured using an Olympus microscope (BX60M) with a 60
Olympus objective coupled to an EM-CCD camera (iXon,
Andor Technology). Excitation was provided by a mercury arc
lamp (Cairn Research) with the appropriate filters (53). Images
were acquired at 1 frame/s for a period of 2min. Axonal regions
were acquired at a distance of 100–200 m from the cell body,
and dendritic imagingwas acquired at a distance of 50m from
the cell body due to their reduced length. The length of process
assayedwas150m.To create kymographs, image sequences
were opened within ImageJ. Curved processes were straight-
ened using the “straighten” macro, and kymographs were cre-
ated using the “multiple kymograph” macro. The resulting
kymographs show the process along the x axis and time across
the y axis. Mobility was assessed by counting the percentage of
objects moving during an imaging period. Mitochondria and
synaptophysinGFP positive vesicles were classed as moving if
they moved more than 2 m between the initial and final
frames of acquisition (17). Photoactivation assays were carried
out on a Zeiss LSM 700 upright confocal microscope using an
apochromat 60 water immersion lens with a 1.0 numerical
aperture. Photoactivation was carried out at 405 nm after five
frames, and spread of GFP signal was measured in ImageJ over
95 frames at 1 frame/6 s.
Statistical Analysis—All data were obtained using cells from
three different preparations unless otherwise stated. Individual
differences were assessed using individual Student’s t tests at a
95% significance level. Statistical significance across groupswas
analyzed using one-way analysis of variance and Tukey’s post
hoc test to compare all data groups. For Sholl analysis, we used
two-way repeatedmeasures analysis of variance with a post hoc
Bonferroni test for comparison of dendritic crossing and
branch points. Data are shown asmean S.E. Both the Pearson
and Manders coefficients were calculated using the JACoP
plugin within ImageJ.
Results
DISC1 Couples to the TRAK-Miro Trafficking Complex to
Affect Mitochondrial Trafficking in Axons and Dendrites—We
and others have previously identified DISC1 as a regulator of
mitochondrial trafficking in axons via knockdown and overex-
pression studies (39, 40), and DISC1 was recently shown to
interact with TRAK1, a predominantly axonal trafficking pro-
tein (39). In contrast, whether DISC1 can interact with the den-
dritic mitochondrial trafficking adaptor TRAK2 to regulate
dendritic trafficking of mitochondria remains unclear. To
address this question, we carried out co-IP experiments in
COS7 cells co-expressing the mitochondrial trafficking adap-
tors GFPTRAK1, GFPTRAK2, GFPMiro1 or GFPMiro2, and
DISC1. Using GFP-TRAP beads we could readily pull down
DISC1with TRAK1 andTRAK2 andwithMiro1 andMiro2 but
not with GFP alone (Fig. 1A). Conversely, TRAK2 could be
robustly pulled down with immunoprecipitated DISC1 (data
not shown). Thus, DISC1 interacts robustly with TRAK2 in
addition to Miro proteins.
To confirm the interaction between endogenous DISC1 and
Miro1 in situ, we also carried out proximity ligation assays in
SH-SY5Y cells. This assay detects interactions between endog-
enous proteins in fixed samples, giving a fluorescent readout
after incubation with relevant primary antibodies, ligation, and
amplification steps (48). The significant increase in puncta in
the dual antibody condition indicated an intramolecular dis-
tance of 40 nm between DISC1 and Miro1, suggesting that
the interaction occurs with endogenous proteins under physi-
ological conditions (Fig. 1B). To confirm with this finding, we
performed co-IP experiments with rat brain homogenate. We
demonstrated the interaction of DISC1 and Miro/TRAK pro-
teins in the brain tissue (Fig. 1, C and D). These experiments
validate DISC1 as a part of the native mitochondrial trafficking
complex and so able to mediate its effects locally at the mito-
chondrion in neurons.
Up-regulating DISC1 levels in neurons increases mitochon-
drial trafficking in axons (39, 40). The interaction between
DISC1 and dendritic TRAK2 led us to explore whether DISC1
could also regulate mitochondrial motility in dendrites. We
compared DISC1-mediated trafficking effects on mitochon-
drial movement in axons versus dendrites within the same neu-
rons. Neurons transfected at 8 DIV with MtDsRed2, a mito-
chondrially targeted red reporter construct, with or without
DISC1were imaged at 9 DIV. DISC1 expression was confirmed
by post hoc immunostaining. To unequivocally label axons, the
axon initial segment was live labeled with fluorescent anti-neu-
rofascin antibody (47), and the mitochondria were labeled by
expressing MtDsRed2 (Fig. 1E) (17). We found that in both
axonal and dendritic compartments there was an equal
enhancement in mitochondrial motility on co-expression of
DISC1 (Fig. 1, F and G, percentage of moving mitochondria in
axons; 33.33  2.16% for DISC1, n  13 neurons, compared
with 25.87  0.82% for control, n  16 neurons; in dendrites
with DISC1, 32.55 1.46% of mitochondria were moving, n
16 neurons, compared with 23.84  2.46% for control, n  15
neurons). Thus, DISC1 interacts with the components of the
dendritic transport machinery and can regulate the dendritic
trafficking of mitochondria.
Additionally, we investigated the subcellular localization of
DISC1. DISC1 has a varied distribution within the cell and has
been demonstrated to adopt nuclear, cytosolic, and mitochon-
drial distributions (35, 54, 55). First, we investigated the subcel-
lular localization of exogenous DISC1 in COS7 cells. Upon
expression of DISC1 alone,20% of the DISC1 protein showed
mitochondrial localization as determined by colocalization
with the mitochondrial marker MtDsRed2. However, upon co-
expression of the mitochondrial trafficking protein mycMiro1,
this value increased 2.5 fold (from 20.1  1.84% to 48.4 
5.52%, Fig. 2,A andB,n 13 control cells andn 15mycMiro1-
expressing cells). The mitochondrial area was unchanged
between the two conditions (data not shown). We also carried
out mitochondrial fractionation from COS7 cells to determine
the levels of mitochondrial DISC1 upon overexpression of myc-
Miro1 or GFPTRAK1. In agreement with the immunofluores-
cence data, we observed an increase in the levels ofDISC1 in the
mitochondrial fraction upon co-expression of mycMiro1 and
GFPTRAK1, implying a recruitment of DISC1 to mitochondria
andmarking these trafficking complex proteins as acceptors for
DISC1 on these organelles (Fig. 2C).
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The DISC1 N Terminus Is Critical for Interaction with
Miro and TRAKs and for Mitochondrial Trafficking—The
molecular determinants of the DISC1 interaction with
TRAK1 and TRAK2 remain unclear. DISC1 has a complex
structure; it contains a globular N terminus followed by mul-
tiple protein-protein interaction domains (36, 56) (Fig. 3A).
We sought to identify the region of DISC1 that interacts with
Miro1 and TRAK2. Co-immunoprecipitation experiments
with mycMiro or GFPTRAK2 and HADISC1 deletion con-
structs encoding amino acids 1–301, 150–854, and 313–854
of DISC1 showed both the N-terminal 300 amino acids of
DISC1 and the longer 150–854-amino acid region as inter-
acting with both Miro1 and TRAK2, whereas the C-terminal
coiled-coil-containing region (amino acids 313–854) did not
co-IP with Miro or TRAK (Fig. 3, C and D). Thus, the inter-
action among DISC1, Miro, and TRAK requires the globular
FIGURE 1. DISC1 interacts with mitochondrial trafficking complex proteins to regulate transport in dendrites in addition to axons. A, GFP trap co-
immunoprecipitation experiments from COS7 cells show robust interaction of DISC1 with GFPMiro1, GFPMiro2, GFPTRAK1, and GFPTRAK2. B, proximity ligation
assay in SH-SY5Y cellswithDISC1antibodyor aDISC1andMiro1 antibody shows significantly increased signal in thedual antibody conditionover background,
indicating that DISC1 andMiro1 interact within the cell (n 3 individual preparations). Scale bar 20m. IB, immunoblot; IN, input. C andD, co-immunopre-
cipitationexperimentswith ratbrainhomogenate showingDISC1 tobepart of anative complexwithMiro (C) andTRAK1 (n3)or TRAK2 (n3) (D).E, example
of live labelingof theaxon initial segment (AIS) todistinguishaxonsanddendriteswithin the sameneuron. F, kymographs showingmovementofmitochondria
through the axons and dendrites over time. Moving mitochondria are indicated by diagonal lines and stationary mitochondria by straight lines. G, dendritic
compartments (gray bars) and axonal compartments (black bars) were assayed formitochondrialmovement, and thepercentage ofmovingmitochondriawas
quantified with andwithout expression of DISC1 (dendrites: n 15 control neurons and n 16 DISC1 neurons, *, p 0.02; axons: n 16 control neurons and
n 13 DISC1 neurons, *, p 0.02). Scale bar 5 m. NS, not significant.
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N-terminal domain, likely within amino acids 150–301, with
no role for the coiled-coil regions.
We also determinedwhich region of TRAK2, another coiled-
coil-rich protein, interacts with DISC1 (Fig. 3B). Co-IP experi-
ments were carried out from COS7 cells expressing DISC1 and
full-length mycTRAK2 or mycTRAK2-(1–700). TRAK2-(1–700)
contains both the Miro binding domain and the N-terminal
HAP1-like domain (the site of kinesin binding (23, 24)), as well
as one of the binding sites for dynactin subunit p150glued (nec-
essary for dyneinmotor function) (26). In this case, we saw that
both fragments interacted with DISC1 (Fig. 3E). Similar exper-
iments with GFPTRAK2 or GFPTRAK2-(476–700), correspond-
ing to the Miro1 binding domain of TRAK2 (23), were also
performed. In this case, we saw amarked decrease in the level of
DISC1 pulled down with the Miro binding domain of TRAK2-
(476–700) in comparison with the full-length protein (Fig. 3F).
Taken together, these data show that DISC1 binds at the N
terminus of TRAK2 (residues 1–476) and not at the Miro1
binding domain. Thus, DISC1 and Miro1 are unlikely to com-
pete for the same interaction site on TRAK, allowing the for-
mation of a functional complex between these three proteins.
To investigate the consequences of disrupting the DISC1-
Miro interaction, using live cell imagingwe explored the impact
of expressing the DISC1-Miro-interacting domain (DISC1 res-
idues 1–301) on mitochondrial transport dynamics. Hip-
pocampal neurons were transfected with MtDsRed2 or
co-transfected with MtDsRed2 and HADISC1-(1–301). Assays
were carried out as detailed under “Materials and Methods,”
with HADISC1-(1–301) expression confirmed by immunocyto-
chemistry following live imaging. Upon co-expression of the
DISC1-Miro-interacting domain, a significant decrease in
moving mitochondria was detected (Fig. 3, G and H, ctrl 
14.7 2.25%, DISC1-(1–301)  5.07 1.84%; n 23 control
and n  21 DISC1-(1–301)-expressing neurons), as is also
apparent by the decrease in diagonal lines in the kymographs.
The effect of DISC1-(313–854), which does not interact with
Miro, was also investigated and showed no significant altera-
tion in mitochondrial trafficking (quantified data shown in Fig.
3I, ctrl 14.6 2.42%, DISC1-(313–854) 12.6 3.18%; n
12 control neurons and 11 DISC1-(313–854)-expressing neu-
rons); therefore the impairment in mitochondrial trafficking is
reliant on the DISC1-Miro-interacting domain.
The Schizophrenia-associated DISC1-Boymaw Fusion Pro-
tein Is Localized to Mitochondria and Impairs Mitochondrial
Trafficking—The expression of theDISC1-Boymaw fusion pro-
tein results from the schizophrenia-associated chromosomal
FIGURE 2.DISC1 is recruited tomitochondria by components of themitochondrial trafficking complex. A, immunocytochemistry in COS7 cells showing
localization of exogenous DISC1 with and without mycMiro1 overexpression. Mitochondria are labeled with MtDsRed2. Scale bar 20 m. B, percentage of
DISC1 on mitochondria shown in A (n 13–15 cells from three individual experiments, ***, p 2.29 105). Overexpression of mycMiro1 recruits DISC1 to
mitochondria.C, mitochondrial fractionation fromCOS7 cells shows an increase inDISC1 in this compartmentwith GFPTRAK1 andmycMiro overexpression (n
3). IN, input.
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translocation, which interrupts DISC1 in a Scottish pedigree (5,
6). As the fusion protein contains DISC1 amino acids 1–597
(which we show here to include the DISC1-Miro-interacting
domain), we investigated the localization of this protein and its
effect on mitochondrial trafficking. In hippocampal neurons,
the DISC1-Boymaw fusion protein (labeled HABoymaw in Figs.
4–8) adopts a mitochondrial distribution in neurons as shown
by colocalization between MtDsRed2 and HABoymaw staining
seen in the line scan of the zoomed process (Fig. 4, A and B).
Additionally, Pearson colocalization analysis between MtD-
sRed2 and HABoymaw gives a coefficient of 0.65  0.08, sug-
gesting a preferential localization to mitochondria. Mitochon-
FIGURE 3. The DISC1 N terminus mediates the interaction with Miro and TRAKs. A, schematic of the DISC1 protein showing domains present in deletion
constructs used. Coiled-coil domains are dark blue, and nuclear import or export signals are dark red. B, schematic of TRAK2 showing coiled-coil domains (dark
blue). CandD, mapping the region of DISC1 that interacts with mycMiro1 (C) and GFPTRAK2 (D). Co-IP experiments fromCOS7 cells show that theN-terminal 301
amino acids interactwithMiro and TRAK2,whereas amino acids 313–854 are not pulleddown.Arrowhead, highlights full-length (FL) HADISC1band; *, indicates
nonspecific band. E and F, mapping the region of TRAK2which interactswithDISC1. DISC1 interactswith full-length TRAK2 and TRAK2-(1–700) (E) but does not
interact with theMiro binding domain (F).G, kymographs showing effect of overexpressing the DISC1-Miro binding domain onmitochondrial transport. Scale
bar 10 m. H, percentage of moving mitochondria quantified in axons and dendrites. Overexpression of the DISC1-Miro binding domain prevents mito-
chondrial transport (n 23 ctrl andn 21DISC1-(1–301)-expressingneurons from threepreparations, **,p 0.002). I, quantificationof percentageofmoving
mitochondria in axons and dendrites expressing MtDsRed2 (ctrl) or DISC1-(313–854), the region that does not interact with Miro1 (n  12 ctrl and 11
DISC1-(313–854)-expressing neurons from three preparations, p 0.6). IB, immunoblot; IN, input; NS, not significant.
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drial trafficking assays in neurons transfected with HABoymaw
and MtDsRed2 to label the mitochondria revealed expression
of the DISC1-Boymaw fusion protein to significantly decrease
the percentage ofmovingmitochondria comparedwith control
(Fig. 4,C andD, ctrl 16.1 2.20%, HABoymaw 6.59 1.4%;
n 32 control and n 26 HABoymaw-expressing neurons). In
contrast, HABoymaw expression did not significantly impact
the trafficking of synaptophysinGFP positive vesicles (Fig. 4E,
ctrl 27.9 2.7%, Boymaw 28.5 4.3%,n 17–19 neurons;
quantified in Fig. 4F), confirming that the Boymaw fusion pro-
tein is not responsible for an overall decrease in microtubule
based transport but specifically disrupts the trafficking ofmito-
chondria. The impact of Boymaw is consistent with the domi-
nant negative effect of the DISC1-Miro-interacting domain on
mitochondrial trafficking, suggesting that a disruption in
DISC1-mediated mitochondrial trafficking could be a patho-
logical mechanism.
DISC1 Couples to the Mitochondrial Fusion Machinery Pro-
teins, Mitofusins—DISC1 had been shown previously to alter
mitochondrial morphology (5, 36). Therefore, wemeasured the
length of mitochondria in neurons upon expression of DISC1-
(1–301) or the DISC1-Boymaw fusion protein. We found a sig-
nificant decrease in the length of mitochondria compared with
control in each case (Fig. 5, A and B, ctrl  2.1  0.065 m,
DISC1-(1–301) 1.8 0.063 m, n 11 axons; Fig. 5, C and
D, ctrl 1.81 0.0858 m, HABoymaw 1.54 0.0644 m).
This observed alteration inmitochondrialmorphology led us to
investigate the relationship between DISC1 and the mitochon-
drial fusion machinery. We focused on mitofusins, crucial
mediators of mitochondrial fusion and morphology known to
FIGURE4.TheDISC1-Boymawfusionprotein inhibitsmitochondrial trafficking.A, immunocytochemistry in hippocampal neurons showing localizationof
theBoymawprotein. Scale bar20m,5mon zoomed image (right).B, line scanof zoomedprocess showing that theDISC1-Boymaw fusionprotein localizes
to mitochondria in axons and dendrites. (A.U. arbitrary units.) C, kymographs showing mitochondrial transport in axons expressing MtDsRed2 and co-ex-
pressing HABoymaw. Scale bar 10 m. D, percentage of moving mitochondria in neurons was quantified with and without expression of HABoymaw. The
presence of the HABoymaw fusion protein inhibits mitochondrial trafficking (n 32 ctrl neurons and 26 HABoymaw-expressing neurons, ***, p 0.001). E and
F, Boymaw expression has no impact on synaptophysin trafficking (E), as quantified in F (n 17 control and n 19 HABoymaw-expressing neurons from three
preparations, p 0.9). NS, not significant. Scale bar 10 m.
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interact with Miro proteins (57). Co-immunoprecipitation
experiments from COS7 cells expressing mycMitofusin1 or -2
and human DISC1 revealed that DISC1 could be readily pulled
down with both mycMitofusin1 and -2 (Fig. 5E). Moreover,
mitochondrial fractionation fromCOS7 cells confirmed higher
levels of mitochondrial DISC1 when either mycMitofusin1 or -2
was expressed (Fig. 5F). Importantly, we confirmed a biochem-
ical interaction between DISC1 and Mitofusin1 from rat brain
homogenate (Fig. 5G), showing no interaction with the outer
mitochondrial membrane protein TOM20 (translocase of the
outer membrane of 20 kDa), a protein unrelated to mitochon-
drial trafficking (58). This shows that DISC1 forms a specific,
native complex with fusion proteins rather than interacting
indiscriminately with outermitochondrialmembrane proteins.
Therefore, DISC1 may play a role in mitochondrial fission/fu-
sion dynamics as well as in trafficking.
TheDISC1-Boymaw Fusion Protein DecreasesMitochondrial
Fusion—Given the interaction between DISC1 and the mito-
fusins, as well as the effect of theDISC1-Boymaw fusion protein
on mitochondrial morphology, we also investigated the impact
of Boymaw expression onmitochondrial fusion in primary hip-
pocampal neurons. We used a mitochondrially targeted, pho-
toactivatable GFP (46, 59) as the control condition with co-ex-
pression of HABoymaw and MtDsRed2 expression to visualize
FIGURE 5. DISC1 interacts with mitofusins. A and B, DISC1 1–301 decreases the length of mitochondria (A) as quantified in B (ctrl  2. 1 m  0.065,
DISC1-(1–301) 1.8 0.063m, n 11 axons, **, p 0.004). C andD, the DISC1 Boymaw fusion protein decreases the length of mitochondria (ctrl 1.81
0.0858m, HABoymaw 1.54 0.0644m, n 13 axons, *, p 0.02). Scale bar 10m. E, co-IP experiments fromCOS7 cells show that DISC1 interacts with
MycMitofusin1 and -2. F, mitochondrial fractionation fromCOS7 cells shows that DISC1 is recruited tomitochondria upon overexpression of MycMitofusin1 and
-2.G, co-IP experimentswith rat brain homogenate showingDISC1 to be part of a native complexwithMitofusin1 but notwith translocase component TOM20
(n 3). IB, immunoblot; IN, input.
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the neurons prior to photoactivation. We carried out photoac-
tivation in the neuronal soma, a location of high mitochondrial
density and therefore fusion events, to minimize the contribu-
tion of trafficking defects to anymitochondrial fusion alteration
(27). A decrease in the spread of GFP signal post-photoactiva-
tion is seen in HABoymaw-expressing neurons, showing a
decreased mitochondrial fusion rate (Fig. 6, A and B) (n  17
control and 15 HABoymaw neurons, final normalized area
ctrl 1.44, HABoymaw 1.20 arbitrary units).
Although this photoactivation assay gives an indication of
the fusion rate independent from mitochondrial trafficking,
there is the potential for contribution of the reported trafficking
defect to the decreased spread of GFP signal. To confirm our
results by anothermethod,we used a previously described assay
(45) involving transfection and co-culture of two populations of
cells (in this case COS7 cells) with different mitochondrial
markers (in this case fluorophores Su9GFP and MtDsRed2 or
with HABoymaw co-expressed with MtDsRed2) followed by
PEG 1500 treatment to fuse the plasma membranes after 24 h.
paraformaldehyde fixation and immunostaining was carried
out 3 h later (see schematic in Fig. 6C). This assay has the advan-
tage of mitochondrial HABoymaw expression in just half of the
cells, and therefore the trafficking of Su9GFP positivemitochon-
dria is unimpeded and fusion can be investigated with a lesser
contribution of Boymaw-dependent mitochondrial trafficking
deficits. Representative post-fusion cells are shown (Fig. 6D),
and colocalization of Su9GFP and MtDsRed2 positive mito-
chondria, indicating fusion events, is quantified (Fig. 6E, n 15
fused cells, ctrl  27%  5.2, HABoymaw  6.4  1.9%). The
noted decrease in colocalization indicates a Boymaw-depen-
dent impairment in mitochondrial fusion in addition to traf-
ficking. This is consistent with Boymaw acting in a dominant
FIGURE 6. The DISC1-Boymaw fusion protein inhibits mitochondrial fusion. A, HABoymaw inhibits mitochondrial fusion in neurons. Neurons were trans-
fected with MtDsRed2 and mitochondrially targeted photoactivatable GFP (ctrl) or coexpressing HABoymaw. Scale bar 20 m. B, the change in area of GFP
signal after photoactivation is reduced in HABoymaw-expressing neurons (n  17 control and n  15 Boymaw-expressing neurons, p  0.05 at 12–90 s
post-photoactivation, **, p 0.01 at 96–570 s post-photoactivation). C, schematic showingmitochondrial fusion after polyethylene glycol-mediated plasma
membrane fusion. D and E, HABoymaw decreases mitochondrial fusion in COS7 cells (D) as quantified by colocalization analysis in E (n 15 post-fusion cells
from three individual preparations, ***, p 0.0009). Scale bar 20 m.
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negativemanner for fusion aswell as trafficking, as suggested by
the decrease in mitochondrial length caused by both the
DISC1-Miro-interacting domain and HABoymaw expression.
Taken together, these data support a role for DISC1 in mito-
chondrial fusion as well as trafficking.
The DISC1-Boymaw Fusion Protein Decreases the ER-Mito-
chondria Contact Area—The DISC1 interaction withMiro and
Mitofusin 2 (Mfn2), known components of ER-mitochondria
contact sites in yeast andmammalian cells, respectively (30, 34),
prompted us to investigate effects of DISC1 and the DISC1-
Boymaw fusion protein on the ER-mitochondria interface. We
used COS7 cells because of their extensive ER network and
expressed Su9GFP and ERdsRed to label the mitochondria and
ER, respectively, along with HADISC1 or HABoymaw. Repre-
sentative volume renderings are shown in Fig. 7A. Colocaliza-
tion analysis between the ERdsRed and Su9GFP signals by
Manders coefficient indicates the area of ER-mitochondria
contacts, revealing a significant decrease in this area in the pres-
ence of HABoymaw (Fig. 7C,Manders coefficients; ctrl 0.19
0.04, HADISC1  0.18  0.03, HABoymaw  0.15  0.05, ctrl
FIGURE 7.TheDISC1-Boymaw fusionprotein decreases the areaof ER-mitochondria contacts.A, three-dimensional renderings ofmitochondrial network
(Su9GFP) and ER (ERdsred) in COS7 cells upon co expression of HADISC1 or HABoymaw. Colocalization shows regions of ER-mitochondria interface. Scale bar 20
m, 5mon zoomed images (right hand panel). B, colocalization of HADISC1 or HABoymawwith ER-mitochondria contacts. The images of the contact siteswere
generated fromcolocalization of images shown inA.C, Manders colocalization coefficient of images inA shows a decrease in area of ER-mitochondria contacts
upon HABoymaw expression (n 15 cells from three experiments, ctrl versus Boymaw p 0.05).NS, not significant.D, Manders coefficient for colocalization of
HADISC1 or HABoymaw with ER-mitochondria contact sites. HABoymaw shows higher colocalization than HADISC1 (*, p  0.03). E, structured illumination
microscopy showing ER andmitochondrial network in SH-SY5Y cells. F, structured illuminationmicroscopy shows partial colocalization between endogenous
DISC1 and ER-mitochondria contacts in SH-SY5Y cells. Scale bar 10 m (zoom 1 m). G, line scan showing signal intensities of DISC1 and ER-mitochondria
contacts. A.U. arbitrary units.
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versus HABoymaw, p 0.03, ctrl versus DISC1 and DISC1 ver-
sus HABoymaw, not significant (NS), n  15 cells from three
experiments). Additionally, we used these colocalized regions,
showing ER-mitochondria contacts for colocalization studies
with HADISC1 or HABoymaw (Fig. 7B) by generating images of
the ER-mitochondria contacts. Despite the reduced ER-mito-
chondria interface, we found a greater fraction of the HABoy-
maw signal present at contact sites compared with HADISC1
(Fig. 7D,Manders coefficients; HADISC1 0.07 0.01, HABoy-
maw 0.14 0.03, p 0.03). This alteration in ER-mitochon-
dria contact sites suggests potential roles for DISC1 in ER-mi-
tochondria cross-talk and mitophagosome biogenesis (32). To
further investigate the potential that DISC1 might be resident
at ER-mitochondria contacts, we carried out SIM imaging. This
technique gives images with resolution approaching 120–130
nm and thus is of great value in imaging these microdomains
(60). SIM imaging was performed in SH-SY5Y cells transfected
with Su9GFP and ERdsRed and stained for endogenous DISC1.
Fig. 7E shows SIM reconstructed images of the mitochondria
and ER, and from these images ER-mitochondria contact
images were determined as described previously. On the ER-
mitochondria image, the DISC1 image was overlaid and repre-
sented in Fig. 7F. A line scan showing an overlap of signal inten-
sity inDISC1 and ER-mitochondria contact is shown in Fig. 7G.
Interestingly, we observed that endogenous DISC1 adopts a
punctate distribution, as suggested previously (40), and it can
be seen that these puncta colocalize in part with the contact
sites between the ER and the mitochondria.
DISC1-mediated Mitochondrial Trafficking Is Necessary for
Normal Dendritic Arborization—DISC1 plays a key role in the
regulation of neurite outgrowth both in vitro and in vivo (11,
61–63), and growing evidence suggests a link between mito-
chondrial dynamics and dendrite development and complexity
(26, 64, 65). The interaction between DISC1 and dendritically
targeted TRAK2 prompted us to investigate the effect of dis-
rupting DISC1-mediatedmitochondrial dynamics on dendritic
development. GFP expression was used to delineate neuronal
morphology, and two markers of complexity were analyzed;
dendritic length and dendritic branching. Neurons expressing
the DISC1-Miro-interacting domain (DISC1-(1–301)) to dis-
rupt mitochondrial trafficking showed a decreased dendritic
complexity (Fig. 8A). The total dendritic length per cell was
decreased 31% compared with control (Fig. 8B, ctrl 1669.4
99.0m,DISC1-(1–301) 1148.6 88.0m,n 16 cells from
four preparations, p 0.001). Next we carried out a Sholl anal-
ysis to study whether dendrite arbor complexity differs as a
function of distance from the soma. This showed the decrease
in the number of intersections to be pronounced at 80 and 100
m from the soma (Fig. 8C). A similar analysis was then carried
out with the number of dendritic branch points per neuron. As
with dendritic length, the number of branch points per cell
decreased by 31% upon expression of the DISC1-Miro-inter-
acting domain compared with control (Fig. 8, D and E, ctrl 
16  1.9 branch points, DISC1-(1–301)  11.5  1.2 branch
points), with the effectmost noticeable at 90mfrom the soma.
Repeating this analysis with neurons expressing the DISC1-
Boymaw fusion protein showed the same effect (Fig. 8F). The
calculation of total dendritic length reveals a decrease of 35%
compared with control (Fig. 8G, ctrl  1590.4  142.7 m,
Boymaw 1033.3 101.0 m, n 15–16 neurons from four
individual preparations, p  0.004). A significant decrease in
the number of dendritic intersections was noted at 50–80 m
from the soma (Fig. 8H). As with dendritic length, the total
number of branch points was decreased 33% upon expression
of the fusion protein (Fig. 8I, ctrl  16  1.7 branch points,
Boymaw  10.7  1.5 branch points). Concurrently, a Sholl
analysis revealed this decrease to be most obvious at 50 m
from the soma (Fig. 8J). Taken together, these data demonstrate
that the expression of the DISC1-Boymaw fusion protein has a
severe negative impact on dendritic development, showing this
effect to be linked to impairment in the mitochondrial dynam-
ics. These findings provide further evidence for the importance
of correct mitochondrial distribution in the development and
maintenance of dendritic arbors. Furthermore, our findings
support a key role for DISC1 in this process and further dissect
the pathways through which this occurs.
Discussion
Here we demonstrate that the schizophrenia-associated pro-
tein, DISC1, interacts with Miro1 and Miro2 as well as TRAK1
and TRAK2 to affect axonal and dendritic transport of mito-
chondria. We report the interaction of DISC1 with the mito-
fusins and confirm DISC1 as part of a native complex with
trafficking and fusion proteins in brain tissue. We also demon-
strate that the schizophrenia-associated DISC1-Boymaw
fusion protein acts in a dominant negative fashion to disrupt
mitochondrial trafficking and fusion, as well as decreasing the
area of ER-mitochondria contacts. Finally, we demonstrate the
necessity of DISC1-mediated mitochondrial dynamics for cor-
rect neuronal development and dendritic arborization.
We found Miro1 to be a major mitochondrial acceptor for
the DISC1 protein, similar to its effect on the TRAK adaptor
and the E3 ubiquitin ligase Parkin, which is crucial for
mitophagy (23, 43). Via interaction mapping and subsequent
trafficking experiments in neurons, we have demonstrated the
necessity of the DISC1-Miro-TRAK interaction for normal
mitochondrial transport. Our mapping experiments support
the interaction between Miro and DISC1 as occurring within
amino acids 150–301 of DISC1. Furthermore, the same region
of DISC1 interacting with both Miro1 and TRAK suggests that
the interaction occurs with one of these proteins via the other,
e.g. DISC1 interacts with Miro1 via TRAK. Interestingly, the
DISC1-TRAK1 interactionwas shown to be increased by30%
upon expression of the R37W pathological DISC1mutant (40),
consistent with our identification of the TRAK-interacting
domain localizing to the DISC1 N terminus. Because our map-
ping experiments support the idea that the binding site iswithin
amino acids 150–301, this raises the possibility that the R37W
mutation may indirectly impact on DISC1 binding to TRAK1
via a conformational change in the DISC1 N terminus.
It is yet to be determined how DISC1 mediates its effects on
trafficking. Although emerging evidence suggests differences
between the axonal and dendritic regulation of mitochondrial
transport (16, 17, 26, 66), it would seem that DISC1 is a factor
that is common to trafficking in both compartments. This is
supported by our data demonstrating interactions with both
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TRAK1 and TRAK2 and comparable up-regulation of mito-
chondrial motility in axons and dendrites. In a recent article
investigating DISC1 and mitochondrial trafficking in axons,
DISC1 is reported to show a preference for kinesin-mediated
anterograde transport (40). DISC1 interacts with kinesin
motors (37, 67), raising the possibility of local regulation of
motor activity; this is in agreement with our mitochondrial
fractionation assays. Indeed, DISC1 has been reported previ-
ously to inhibitGSK3 (68), which in turn phosphorylates kine-
sin light chains, causing uncoupling of motors from cargo
(reviewed in Ref. 69). Moreover, DISC1 is known to interact
with and inhibit PDE4 (phosphodiesterase 4), both directly and
via transcriptional down-regulation in a complex with ATF4
(activating transcription factor 4) (70–72). A subsequent
FIGURE 8. DISC1-mediated mitochondrial trafficking is necessary for normal dendritic development. A, representative images showing control 10 DIV
neurons and those expressing the DISC1-Miro binding domain (residues 1–301). GFP was used to visualize neuronal morphology. Scale bar 10 m. B, total
dendritic length/cell (***, p 0.001). C, Sholl analysis reveals a significant decrease in intersections at 80 and 100 m from the soma (*, p 0.05). D, average
number of branchpoints/cell is decreasedwithDISC1-Miro bindingdomain expression (*,p 0.04). E, Sholl analysis of branchpoints (*,p 0.05 at 90mfrom
the soma) (n 16 neurons from four preparations). F, representative images showing control 10 DIV neurons expressing GFP in the presence or absence of
HABoymaw. Scale bar  10 m. G, total dendritic length is decreased when the DISC1-Boymaw fusion protein is expressed (**, p  0.004). H, Sholl analysis
showing the number of intersections at 10-m intervals. A significant decrease in intersections in Boymaw-expressing neurons is seen proximal to the soma
at a distance of 50–80 m away from the soma (*, p 0.05 in each case). I, analysis of branch points reveals expression of the DISC1-Boymaw fusion protein
todecrease in thenumber of branchpoints/cell (*,p0.03). J, Sholl analysis reveals a significant decrease 50mfrom the soma (*,p0.05,n15–16neurons
from four preparations).
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increase in cAMP could activate PKA, thus inhibiting GSK3
and rescuing a decrease in moving mitochondria as has been
reported in studies with a cAMP analogue and the PKA activa-
tor forskolin (73). The contributions of these pathways, as well
as others, will need to be addressed in the future to fully under-
stand the mechanism by which DISC1 regulates mitochondrial
trafficking.
We have shown that the schizophrenia-associated DISC1-
Boymaw fusion protein, which targets to mitochondria (5),
localizes to mitochondria in MAP2 positive dendritic pro-
cesses. DISC1-Boymaw expression results in a decrease in the
length of mitochondria and disrupts mitochondrial trafficking
without impairing the trafficking of other cargoes. Although a
role for DISC1 in the trafficking of other cargoes (e.g. synaptic
vesicles) has been demonstrated (38), a specificity for mito-
chondria is not unexpected given the mitochondrial localiza-
tion of the Boymaw fusion protein. Moreover, this is consistent
with the effect of DISC1 knockdown onmitochondrial traffick-
ing (39) and interruption of the DISC1-Miro complex by
expression of the DISC1-Miro-interacting domain. This may
provide a disease mechanism for the t(1;11) chromosomal
translocation (4). Multiple mutations in DISC1 have been
reported previously to disrupt mitochondrial trafficking (39,
40), which can also be disrupted upon DISC1 aggresome for-
mation (52). The interruption of mitochondrial trafficking pre-
vents localization of mitochondria at sites of high energy and
calcium buffering demand, e.g. synapses (17), and a decrease in
mitochondria at synapses has been reported previously in a
schizophrenic cohort (74).
We also have reported here that the mitofusins interact with
DISC1 and have effects on the localization of DISC1 similar to
those of Miro1 and the TRAKs, consistent with these proteins
being components of the mitochondrial trafficking complex
(57). Additionally, expression of both the DISC1-Miro-inter-
acting domain and the DISC1-Boymaw fusion protein leads to
alterations inmitochondrialmorphology, prompting investiga-
tion into mitochondrial fusion events. We found the DISC1-
Boymaw fusion protein to display dominant negative activity
on mitochondrial fusion in COS7 cells and primary neurons.
These data extend our findings, demonstrating DISC1 as a reg-
ulator of mitochondrial fission/fusion dynamics in addition to
mitochondrial trafficking. The reported effect on fusion will
impact the mitochondrial network, as fusion is crucial for the
exchange of contents and mitochondrial biogenesis (29).
Intriguingly, a role for DISC1 in themitochondrial fusion path-
way suggests its involvement inmaintaining the function of the
mitochondrial population.
Here, we also investigated the localization of DISC1 and the
DISC1-Boymaw fusion protein at sites of ER-mitochondria
contact by confocal microscopy and studied the effects of the
DISC1-Boymaw fusion protein on these sites. We found that a
greater fraction of theDISC1-Boymaw fusion protein is present
at these sites in comparison with wild type DISC1. Notably, we
also have demonstrated presence of endogenous DISC1 at
these sites by super-resolution microscopy. Further, we have
demonstrated that Boymaw expression decreases the area of
these contacts. This could reflect inhibition ofMitofusin2 teth-
ering activity, in agreement with our mitochondrial fusion
assays and consistent with previous reports showing thatMito-
fusin2 knock-out mouse embryonic fibroblasts (MEFs) have a
significantly decreased area of ER-mitochondria colocalization
(30). In addition, the role of ER-mitochondria contacts as sites
of trafficking and fission/fusion regulation remains an exciting
area for future study, and the effects of schizophrenia-associ-
ated DISC1 mutants on these contacts could account for alter-
ations in mitochondrial dynamics and turnover downstream of
its effects on autophagosome biogenesis (32). Indeed, altera-
tions in the sites of ER-mitochondria contact have been noted
in models of neurodegenerative disease such as amyotrophic
lateral sclerosis and Parkinson disease (75, 76).
Finally, we have reported evidence of interplay between
DISC1 and mitochondrial trafficking, fusion, and ER-mito-
chondria contacts in dendriticmorphogenesis. BothDISC1 and
the proteins mediating mitochondrial dynamics have been
shown to affect neurite development. The TRAK proteins have
been recently reported to regulate neuronal morphology, with
knockdown of TRAK2 decreasing dendritic complexity (26).
Mitofusin2 is necessary for normal dendritic development in
the cerebellum (65), and studies of Mitofusin1 overexpression
also show an alteration in dendritic arborization, suggesting
that mitochondrial distribution and fission/fusion play a criti-
cal role in dendrite development (64).We have demonstrated a
decrease in dendritic complexity upon expression of the
DISC1-Miro-interacting domain and the Boymaw fusion pro-
tein. Variations in dendritic morphology have been reported
previously in models of neuropsychiatric illness, and alteration
of DISC1 function, either by truncation or point mutation, is
known to decrease neuronal complexity (10, 12, 51, 77). This
impairment in dendritic development could lead to disruptions
in network connectivity and neurotransmission, leading to the
development of schizophrenic symptoms. Indeed, mice
expressing Boymaw exhibit behavioral abnormalities such as
increased startle and anhedonia, consistent with schizophrenia
and depression (78). Collectively, our data support a mecha-
nismwhereby impairedDISC1 function leads to aberrantmito-
chondrial dynamics and dendritic morphogenesis, a causative
factor in schizophrenia and other major mental illness.
Author Contributions—R. N., S. M., T. A. A., W. D. H., and J. T. K.
designed the research. R. N., S. M., T. A. A., N. B., D. I., and M. P.
performed and analyzed the research. S. V. T. and C. K. generated
the tgDISC1 rat and C. K. provided DISC1 antibody. R. N., T. A. A.,
and J. T. K. wrote the paper.
Acknowledgments—We thank the members of the Kittler laboratory
for constructive discussion. We thank the University College London
Super Resolution Imaging Facility for access to SIM.
References
1. Brandon, N. J., and Sawa, A. (2011) Linking neurodevelopmental and syn-
aptic theories of mental illness through DISC1. Nat. Rev. Neurosci. 12,
707–722
2. Chubb, J. E., Bradshaw, N. J., Soares, D. C., Porteous, D. J., andMillar, J. K.
(2008) The DISC locus in psychiatric illness.Mol. Psychiatry 13, 36–64
3. Porteous, D. J., Millar, J. K., Brandon, N. J., and Sawa, A. (2011) DISC1 at
10: connecting psychiatric genetics and neuroscience. Trends Mol. Med.
17, 699–706
DISC1, Mitochondrial Dynamics, and Dendrite Development
626 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291•NUMBER 2•JANUARY 8, 2016
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
4. Millar, J. K., Wilson-Annan, J. C., Anderson, S., Christie, S., Taylor, M. S.,
Semple, C. A., Devon, R. S., St Clair, D. M., Muir, W. J., Blackwood, D. H.,
and Porteous, D. J. (2000) Disruption of two novel genes by a translocation
co-segregating with schizophrenia. Hum. Mol. Genet. 9, 1415–1423
5. Eykelenboom, J. E., Briggs, G. J., Bradshaw, N. J., Soares, D. C., Ogawa, F.,
Christie, S.,Malavasi, E. L.,Makedonopoulou, P.,Mackie, S.,Malloy,M. P.,
Wear, M. A., Blackburn, E. A., Bramham, J., McIntosh, A. M., Blackwood,
D. H., Muir, W. J., Porteous, D. J., and Millar, J. K. (2012) A t(1;11) trans-
location linked to schizophrenia and affective disorders gives rise to aber-
rant chimeric DISC1 transcripts that encode structurally altered, delete-
rious mitochondrial proteins. Hum. Mol. Genet. 21, 3374–3386
6. Zhou, X., Chen, Q., Schaukowitch, K., Kelsoe, J. R., and Geyer, M. A.
(2010) Insoluble DISC1-Boymaw fusion proteins generated by DISC1
translocation.Mol. Psychiatry 15, 669–672
7. Ishizuka, K., Kamiya, A., Oh, E. C., Kanki, H., Seshadri, S., Robinson, J. F.,
Murdoch,H., Dunlop, A. J., Kubo, K., Furukori, K., Huang, B., Zeledon,M.,
Hayashi-Takagi, A., Okano,H., Nakajima, K., Houslay,M.D., Katsanis, N.,
and Sawa, A. (2011) DISC1-dependent switch from progenitor prolifera-
tion to migration in the developing cortex. Nature 473, 92–96
8. Carlyle, B. C., Mackie, S., Christie, S., Millar, J. K., and Porteous, D. J.
(2011) Co-ordinated action of DISC1, PDE4B and GSK3 in modulation
of cAMP signalling.Mol. Psychiatry 16, 693–694
9. Singh, K. K., Ge, X., Mao, Y., Drane, L., Meletis, K., Samuels, B. A., and
Tsai, L. H. (2010) Dixdc1 is a critical regulator of DISC1 and embryonic
cortical development. Neuron 67, 33–48
10. Lepagnol-Bestel, A. M., Kvajo, M., Karayiorgou, M., Simonneau, M., and
Gogos, J. A. (2013) A Disc1 mutation differentially affects neurites and
spines in hippocampal and cortical neurons. Mol. Cell. Neurosci. 54,
84–92
11. Shen, S., Lang, B., Nakamoto, C., Zhang, F., Pu, J., Kuan, S. L., Chatzi, C.,
He, S., Mackie, I., Brandon, N. J., Marquis, K. L., Day, M., Hurko, O.,
McCaig, C. D., Riedel, G., and St Clair, D. (2008) Schizophrenia-related
neural and behavioral phenotypes in transgenic mice expressing trun-
cated Disc1. J. Neurosci. 28, 10893–10904
12. Lee, F. H., Fadel, M. P., Preston-Maher, K., Cordes, S. P., Clapcote, S. J.,
Price, D. J., Roder, J. C., andWong, A. H. (2011) Disc1 point mutations in
mice affect development of the cerebral cortex. J. Neurosci. 31, 3197–3206
13. MacAskill, A. F., Atkin, T. A., and Kittler, J. T. (2010) Mitochondrial traf-
ficking and the provision of energy and calcium buffering at excitatory
synapses. Eur. J. Neurosci. 32, 231–240
14. Sheng, Z. H., and Cai, Q. (2012) Mitochondrial transport in neurons:
impact on synaptic homeostasis and neurodegeneration.Nat. Rev. Neuro-
sci. 13, 77–93
15. Russo, G. J., Louie, K., Wellington, A., Macleod, G. T., Hu, F., Pan-
chumarthi, S., and Zinsmaier, K. E. (2009)DrosophilaMiro is required for
both anterograde and retrograde axonal mitochondrial transport. J. Neu-
rosci. 29, 5443–5455
16. Wang, X., and Schwarz, T. L. (2009) The mechanism of Ca2	-dependent
regulation of kinesin-mediatedmitochondrial motility.Cell 136, 163–174
17. Macaskill, A. F., Rinholm, J. E., Twelvetrees, A. E., Arancibia-Carcamo,
I. L., Muir, J., Fransson, A., Aspenstrom, P., Attwell, D., and Kittler, J. T.
(2009) Miro1 is a calcium sensor for glutamate receptor-dependent local-
ization of mitochondria at synapses. Neuron 61, 541–555
18. Saotome, M., Safiulina, D., Szabadkai, G., Das, S., Fransson, A., Aspen-
strom, P., Rizzuto, R., and Hajnóczky, G. (2008) Bidirectional Ca2	-de-
pendent control of mitochondrial dynamics by the Miro GTPase. Proc.
Natl. Acad. Sci. U.S.A. 105, 20728–20733
19. Birsa, N., Norkett, R., Higgs, N., Lopez-Domenech, G., and Kittler, J. T.
(2013)Mitochondrial trafficking in neurons and the role of theMiro fam-
ily of GTPase proteins. Biochem. Soc. Trans. 41, 1525–1531
20. Fransson, A., Ruusala, A., and Aspenström, P. (2003) Atypical Rho GT-
Pases have roles in mitochondrial homeostasis and apoptosis. J. Biol.
Chem. 278, 6495–6502
21. Fransson, S., Ruusala, A., and Aspenström, P. (2006) The atypical Rho
GTPases Miro-1 and Miro-2 have essential roles in mitochondrial traf-
ficking. Biochem. Biophys. Res. Commun. 344, 500–510
22. Glater, E. E., Megeath, L. J., Stowers, R. S., and Schwarz, T. L. (2006)
Axonal transport ofmitochondria requiresMilton to recruit kinesin heavy
chain and is light chain independent. J. Cell Biol. 173, 545–557
23. MacAskill, A. F., Brickley, K., Stephenson, F. A., and Kittler, J. T. (2009)
GTPase-dependent recruitment of Grif-1 by Miro1 regulates mitochon-
drial trafficking in hippocampal neurons.Mol. Cell. Neurosci. 40, 301–312
24. Smith, M. J., Pozo, K., Brickley, K., and Stephenson, F. A. (2006) Mapping
the GRIF-1 binding domain of the kinesin, KIF5C, substantiates a role for
GRIF-1 as an adaptor protein in the anterograde trafficking of cargoes.
J. Biol. Chem. 281, 27216–27228
25. Loss, O., and Stephenson, F. A. (2015) Localization of the kinesin adaptor
proteins trafficking kinesin proteins 1 and 2 in primary cultures of hip-
pocampal pyramidal and cortical neurons. J. Neurosci. Res. 93, 1056–1066
26. van Spronsen, M., Mikhaylova, M., Lipka, J., Schlager, M. A., van den
Heuvel, D. J., Kuijpers, M., Wulf, P. S., Keijzer, N., Demmers, J., Kapitein,
L. C., Jaarsma,D., Gerritsen,H. C., Akhmanova, A., andHoogenraad, C. C.
(2013) TRAK/Milton motor-adaptor proteins steer mitochondrial traf-
ficking to axons and dendrites. Neuron 77, 485–502
27. Cagalinec, M., Safiulina, D., Liiv, M., Liiv, J., Choubey, V., Wareski, P.,
Veksler, V., and Kaasik, A. (2013) Principles of the mitochondrial fusion
and fission cycle in neurons. J. Cell Sci. 126, 2187–2197
28. MacAskill, A. F., and Kittler, J. T. (2010) Control of mitochondrial trans-
port and localization in neurons. Trends Cell Biol. 20, 102–112
29. Westermann, B. (2010) Mitochondrial fusion and fission in cell life and
death. Nat. Rev. Mol. Cell Biol. 11, 872–884
30. de Brito, O. M., and Scorrano, L. (2008) Mitofusin 2 tethers endoplasmic
reticulum to mitochondria. Nature 456, 605–610
31. Rizzuto, R., Pinton, P., Carrington, W., Fay, F. S., Fogarty, K. E., Lifshitz,
L. M., Tuft, R. A., and Pozzan, T. (1998) Close contacts with the endoplas-
mic reticulum as determinants of mitochondrial Ca2	 responses. Science
280, 1763–1766
32. Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita,
N., Oomori, H., Noda, T., Haraguchi, T., Hiraoka, Y., Amano, A., and
Yoshimori, T. (2013) Autophagosomes form at ER-mitochondria contact
sites. Nature 495, 389–393
33. Rowland, A. A., and Voeltz, G. K. (2012) Endoplasmic reticulum-mito-
chondria contacts: function of the junction. Nat. Rev. Mol. Cell Biol. 13,
607–625
34. Kornmann, B., Osman, C., and Walter, P. (2011) The conserved GTPase
Gem1 regulates endoplasmic reticulum-mitochondria connections: Proc.
Natl. Acad. Sci. U.S.A. 108, 14151–14156
35. Park, Y. U., Jeong, J., Lee, H.,Mun, J. Y., Kim, J. H., Lee, J. S., Nguyen,M.D.,
Han, S. S., Suh, P. G., and Park, S. K. (2010) Disrupted-in-schizophrenia 1
(DISC1) plays essential roles in mitochondria in collaboration with Mito-
filin. Proc. Natl. Acad. Sci. U.S.A. 107, 17785–17790
36. Millar, J. K., James, R., Christie, S., and Porteous, D. J. (2005) Disrupted in
schizophrenia 1 (DISC1): subcellular targeting and induction of ring mi-
tochondria.Mol. Cell. Neurosci. 30, 477–484
37. Taya, S., Shinoda, T., Tsuboi, D., Asaki, J., Nagai, K., Hikita, T., Kuroda, S.,
Kuroda, K., Shimizu, M., Hirotsune, S., Iwamatsu, A., and Kaibuchi, K.
(2007) DISC1 regulates the transport of the NUDEL/LIS1/14–3-3 com-
plex through kinesin-1. J. Neurosci. 27, 15–26
38. Flores, R., 3rd, Hirota, Y., Armstrong, B., Sawa, A., and Tomoda, T. (2011)
DISC1 regulates synaptic vesicle transport via a lithium-sensitive path-
way. Neurosci. Res. 71, 71–77
39. Atkin, T. A., MacAskill, A. F., Brandon, N. J., and Kittler, J. T. (2011)
Disrupted in schizophrenia-1 regulates intracellular trafficking of mito-
chondria in neurons.Mol. Psychiatry 16, 122–124
40. Ogawa, F., Malavasi, E. L., Crummie, D. K., Eykelenboom, J. E., Soares,
D. C., Mackie, S., Porteous, D. J., andMillar, J. K. (2014) DISC1 complexes
with TRAK1 and Miro1 to modulate anterograde axonal mitochondrial
trafficking. Hum. Mol. Genet. 23, 906–919
41. Ottis, P., Bader, V., Trossbach, S. V., Kretzschmar,H.,Michel,M., Leliveld,
S. R., and Korth, C. (2011) Convergence of two independent mental dis-
ease genes on the protein level: recruitment of dysbindin to cell-invasive
disrupted-in-schizophrenia 1 aggresomes. Biol. Psychiatry 70, 604–610
42. Leliveld, S. R., Hendriks, P., Michel, M., Sajnani, G., Bader, V., Trossbach,
S., Prikulis, I., Hartmann, R., Jonas, E., Willbold, D., Requena, J. R., and
Korth, C. (2009) Oligomer assembly of the C-terminal DISC1 domain
(640–854) is controlled by self-association motifs and disease-associated
DISC1, Mitochondrial Dynamics, and Dendrite Development
JANUARY 8, 2016•VOLUME 291•NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 627
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
polymorphism S704C. Biochemistry 48, 7746–7755
43. Birsa, N., Norkett, R., Wauer, T., Mevissen, T. E., Wu, H. C., Foltynie, T.,
Bhatia, K., Hirst, W. D., Komander, D., Plun-Favreau, H., and Kittler, J. T.
(2014) Lysine 27 ubiquitination of the mitochondrial transport protein
Miro is dependent on serine 65 of the Parkin ubiquitin ligase. J. Biol. Chem.
289, 14569–14582
44. Wang, Q., Charych, E. I., Pulito, V. L., Lee, J. B., Graziane, N. M., Crozier,
R. A., Revilla-Sanchez, R., Kelly, M. P., Dunlop, A. J., Murdoch, H., Taylor,
N., Xie, Y., Pausch,M.,Hayashi-Takagi, A., Ishizuka, K., Seshadri, S., Bates,
B., Kariya, K., Sawa, A.,Weinberg, R. J., Moss, S. J., Houslay,M. D., Yan, Z.,
and Brandon, N. J. (2011) The psychiatric disease risk factors DISC1 and
TNIK interact to regulate synapse composition and function.Mol. Psychi-
atry 16, 1006–1023
45. Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., and Chan,
D. C. (2003) Mitofusins Mfn1 and Mfn2 coordinately regulate mitochon-
drial fusion and are essential for embryonic development. J. Cell Biol. 160,
189–200
46. Karbowski,M., Arnoult, D., Chen, H., Chan, D. C., Smith, C. L., and Youle,
R. J. (2004) Quantitation of mitochondrial dynamics by photolabeling of
individual organelles shows that mitochondrial fusion is blocked during
the Bax activation phase of apoptosis. J. Cell Biol. 164, 493–499
47. Muir, J., and Kittler, J. T. (2014) Plasticity of GABAA receptor diffusion
dynamics at the axon initial segment. Front. Cell. Neurosci. 8, 151
48. Smith, K. R., Davenport, E. C., Wei, J., Li, X., Pathania, M., Vaccaro, V.,
Yan, Z., and Kittler, J. T. (2014) GIT1 and PIX are essential for GABA(A)
receptor synaptic stability and inhibitory neurotransmission. Cell Rep. 9,
298–310
49. Luisier, F., Blu, T., and Unser, M. (2011) Image denoising in mixed Pois-
son-Gaussian noise. IEEE Trans. Image Process. 20, 696–708
50. Vonesch, C., and Unser, M. (2008) A fast thresholded Landweber algo-
rithm for wavelet-regularized multidimensional deconvolution. IEEE
Trans. Image Process. 17, 539–549
51. Pathania,M., Davenport, E. C.,Muir, J., Sheehan, D. F., López-Doménech,
G., and Kittler, J. T. (2014) The autism and schizophrenia-associated gene
CYFIP1 is critical for the maintenance of dendritic complexity and the
stabilization of mature spines. Transl. Psychiatry 4, e374
52. Atkin, T. A., Brandon, N. J., and Kittler, J. T. (2012) Disrupted in Schizo-
phrenia 1 forms pathological aggresomes that disrupt its function in in-
tracellular transport. Hum. Mol. Genet. 21, 2017–2028
53. Muir, J., Arancibia-Carcamo, I. L., MacAskill, A. F., Smith, K. R., Griffin,
L. D., and Kittler, J. T. (2010) NMDA receptors regulate GABAA receptor
lateral mobility and clustering at inhibitory synapses through serine 327
on the 2 subunit. Proc. Natl. Acad. Sci. U.S.A. 107, 16679–16684
54. James, R., Adams, R. R., Christie, S., Buchanan, S. R., Porteous, D. J., and
Millar, J. K. (2004) Disrupted in schizophrenia 1 (DISC1) is a multicom-
partmentalized protein that predominantly localizes to mitochondria.
Mol. Cell. Neurosci. 26, 112–122
55. Malavasi, E. L., Ogawa, F., Porteous, D. J., and Millar, J. K. (2012) DISC1
variants 37W and 607F disrupt its nuclear targeting and regulatory role in
ATF4-mediated transcription. Hum. Mol. Genet. 21, 2779–2792
56. Brandon, N. J., Schurov, I., Camargo, L. M., Handford, E. J., Duran-Ji-
meniz, B., Hunt, P., Millar, J. K., Porteous, D. J., Shearman, M. S., and
Whiting, P. J. (2005) Subcellular targeting of DISC1 is dependent on a
domain independent from the Nudel binding site.Mol. Cell. Neurosci. 28,
613–624
57. Misko, A., Jiang, S.,Wegorzewska, I., Milbrandt, J., and Baloh, R. H. (2010)
Mitofusin 2 is necessary for transport of axonal mitochondria and inter-
acts with the Miro/Milton complex. J. Neurosci. 30, 4232–4240
58. Baker,M. J., Frazier, A. E., Gulbis, J. M., and Ryan,M. T. (2007)Mitochon-
drial protein-import machinery: correlating structure with function.
Trends Cell Biol. 17, 456–464
59. Patterson, G. H., and Lippincott-Schwartz, J. (2002) A photoactivatable
GFP for selective photolabeling of proteins and cells. Science 297,
1873–1877
60. Gustafsson,M. G. (2000) Surpassing the lateral resolution limit by a factor
of two using structured illumination microscopy. J. Microsc. 198, 82–87
61. Miyoshi, K., Honda, A., Baba, K., Taniguchi, M., Oono, K., Fujita, T., Ku-
roda, S., Katayama, T., andTohyama,M. (2003) Disrupted-in-schizophre-
nia 1, a candidate gene for schizophrenia, participates in neurite out-
growth.Mol. Psychiatry 8, 685–694
62. Hattori, T., Shimizu, S., Koyama, Y., Yamada, K., Kuwahara, R., Ku-
mamoto, N., Matsuzaki, S., Ito, A., Katayama, T., and Tohyama,M. (2010)
DISC1 regulates cell-cell adhesion, cell-matrix adhesion, and neurite out-
growth.Mol. Psychiatry 15, 778, 798–809
63. Lee, S. A., Kim, S. M., Suh, B. K., Sun, H. Y., Park, Y. U., Hong, J. H., Park,
C., Nguyen, M. D., Nagata, K., Yoo, J. Y., and Park, S. K. (2015) Disrupted-
in-schizophrenia 1 (DISC1) regulates dysbindin function by enhancing its
stability. J. Biol. Chem. 290, 7087–7096
64. Kimura, T., and Murakami, F. (2014) Evidence that dendritic mitochon-
dria negatively regulate dendritic branching in pyramidal neurons in the
neocortex. J. Neurosci. 34, 6938–6951
65. Chen, H., McCaffery, J. M., and Chan, D. C. (2007) Mitochondrial fusion
protects against neurodegeneration in the cerebellum. Cell 130, 548–562
66. Chen, Y., and Sheng, Z. H. (2013) Kinesin-1-syntaphilin coupling medi-
ates activity-dependent regulation of axonal mitochondrial transport.
J. Cell Biol. 202, 351–364
67. Camargo, L. M., Collura, V., Rain, J. C., Mizuguchi, K., Hermjakob, H.,
Kerrien, S., Bonnert, T. P., Whiting, P. J., and Brandon, N. J. (2007) Dis-
rupted in schizophrenia 1 interactome: evidence for the close connectivity
of risk genes and a potential synaptic basis for schizophrenia.Mol. Psychi-
atry 12, 74–86
68. Mao, Y., Ge, X., Frank, C. L., Madison, J. M., Koehler, A. N., Doud, M. K.,
Tassa, C., Berry, E. M., Soda, T., Singh, K. K., Biechele, T., Petryshen, T. L.,
Moon, R. T., Haggarty, S. J., and Tsai, L. H. (2009) Disrupted in schizo-
phrenia 1 regulates neuronal progenitor proliferation via modulation of
GSK3/-catenin signaling. Cell 136, 1017–1031
69. Hirokawa,N., Noda, Y., Tanaka, Y., andNiwa, S. (2009) Kinesin superfam-
ily motor proteins and intracellular transport.Nat. Rev. Mol. Cell Biol. 10,
682–696
70. Soda, T., Frank, C., Ishizuka, K., Baccarella, A., Park, Y. U., Flood, Z., Park,
S. K., Sawa, A., and Tsai, L. H. (2013) DISC1-ATF4 transcriptional repres-
sion complex: dual regulation of the cAMP-PDE4 cascade by DISC1.Mol.
Psychiatry 18, 898–908
71. Murdoch, H., Mackie, S., Collins, D. M., Hill, E. V., Bolger, G. B.,
Klussmann, E., Porteous, D. J., Millar, J. K., and Houslay, M. D. (2007)
Isoform-selective susceptibility of DISC1/phosphodiesterase-4 com-
plexes to dissociation by elevated intracellular cAMP levels. J. Neurosci.
27, 9513–9524
72. Millar, J. K., Pickard, B. S., Mackie, S., James, R., Christie, S., Buchanan,
S. R., Malloy, M. P., Chubb, J. E., Huston, E., Baillie, G. S., Thomson, P. A.,
Hill, E. V., Brandon, N. J., Rain, J. C., Camargo, L. M., Whiting, P. J.,
Houslay, M. D., Blackwood, D. H., Muir, W. J., and Porteous, D. J. (2005)
DISC1 and PDE4B are interacting genetic factors in schizophrenia that
regulate cAMP signaling. Science 310, 1187–1191
73. Rui, Y., Tiwari, P., Xie, Z., and Zheng, J. Q. (2006) Acute impairment of
mitochondrial trafficking by-amyloid peptides in hippocampal neurons.
J. Neurosci. 26, 10480–10487
74. Somerville, S. M., Conley, R. R., and Roberts, R. C. (2011)Mitochondria in
the striatum of subjects with schizophrenia. World J. Biol. Psychiatry 12,
48–56
75. Stoica, R., DeVos, K. J., Paillusson, S.,Mueller, S., Sancho, R.M., Lau, K. F.,
Vizcay-Barrena, G., Lin, W. L., Xu, Y. F., Lewis, J., Dickson, D. W., Petru-
celli, L., Mitchell, J. C., Shaw, C. E., andMiller, C. C. (2014) ER-mitochon-
dria associations are regulated by the VAPB-PTPIP51 interaction and are
disrupted by ALS/FTD-associated TDP-43. Nat. Commun. 5, 3996
76. Calì, T., Ottolini, D., Negro, A., and Brini, M. (2012) -Synuclein controls
mitochondrial calcium homeostasis by enhancing endoplasmic reticu-
lum-mitochondria interactions. J. Biol. Chem. 287, 17914–17929
77. Kvajo,M.,McKellar, H., Drew, L. J., Lepagnol-Bestel, A.M., Xiao, L., Levy,
R. J., Blazeski, R., Arguello, P. A., Lacefield, C. O., Mason, C. A., Simon-
neau, M., O’Donnell, J. M., MacDermott, A. B., Karayiorgou, M., and
Gogos, J. A. (2011) Altered axonal targeting and short-term plasticity in
the hippocampus of Disc1 mutant mice. Proc. Natl. Acad. Sci. U.S.A. 108,
E1349–E1358
78. Ji, B., Higa, K. K., Kim,M., Zhou, L., Young, J. W., Geyer, M. A., and Zhou,
X. (2014) Inhibition of protein translation by the DISC1-Boymaw fusion
DISC1, Mitochondrial Dynamics, and Dendrite Development
628 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 291•NUMBER 2•JANUARY 8, 2016
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
gene from a Scottish family with major psychiatric disorders. Hum. Mol.
Genet. 23, 5683–5705
79. Stephen, T. L., Higgs, N. F., Sheehan, D. F., Al Awabdh, S., Lopez-Dome-
nech,G., Arancibia-Carcamo, I. L., andKittler, J. T. (2015)Miro1 regulates
activity-driven positioning of mitochondria within astrocytic processes
apposed to synapses to regulate intracellular calcium signalling. J. Neuro-
sci. 35, 15996–16011
80. Trossbach, S. V., Bader, V., Hecher, L., Pum, M. E., Masoud, S. T.,
Prikulis, I., Schäble, S., de Souza Silva, M. A., Su, P., Boulat, B., Chwi-
esko, C., Poschmann, G., Stu¨hler, K., Lohr, K. M., Stout, K. A., Weis-
shaupt, A., Godsave, S. F., Mu¨ller-Schiffmann, A., Bilzer, T., Steiner,
H., Peters, P. J., Bauer, A., Sauvage, M., Ramsey, A. J., Miller, G.W., Liu,
F., Seeman, P., Brandon, N. J., Huston, J. P., and Korth, C. (2015)
Misassembly of full-length Disrupted-in-schizophrenia 1 (DISC1) pro-
tein is linked to altered dopamine homeostasis and behavioral deficits.
Mol. Psychiatry, in press
DISC1, Mitochondrial Dynamics, and Dendrite Development
JANUARY 8, 2016•VOLUME 291•NUMBER 2 JOURNAL OF BIOLOGICAL CHEMISTRY 629
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
Pathania, Svenja V. Trossbach, Carsten Korth, Warren D. Hirst and Josef T. Kittler
Rosalind Norkett, Souvik Modi, Nicol Birsa, Talia A. Atkin, Davor Ivankovic, Manav
Morphogenesis of Complex Neuronal Dendrites
DISC1-dependent Regulation of Mitochondrial Dynamics Controls the
doi: 10.1074/jbc.M115.699447 originally published online November 9, 2015
2016, 291:613-629.J. Biol. Chem. 
  
 10.1074/jbc.M115.699447Access the most updated version of this article at doi: 
 Alerts: 
  
 When a correction for this article is posted•  
 When this article is cited•  
 to choose from all of JBC's e-mail alertsClick here
  
 http://www.jbc.org/content/291/2/613.full.html#ref-list-1
This article cites 79 references, 34 of which can be accessed free at
 at U
CL Library Services on M
arch 10, 2016
http://w
w
w
.jbc.org/
D
ow
nloaded from
 
